The statistical properties of the random birefringence that affects long single-mode fibers are experimentally evaluated by means of a polarization-sensitive optical time-domain ref lectometry. The measurements are in good agreement with theoretical predictions and show, for what we believe is the first time, that the components of the local birefringence vector are Gaussian random variables.
In the past ten years, several efforts have been made to understand thoroughly the effects of polarization mode dispersion 1, 2 because that is the ultimate limit for high-bit-rate optical systems.
To attain complete knowledge of this phenomenon it is necessary to understand its cause (i.e., f iber birefringence) better to be able to predict and control its effects (e.g., differential group delay). So far, three different theoretical models to describe the origins of polarization mode dispersion have been proposed. They all refer to the properties of the well-known local birefringence vector b ͑b 1 , b 2 , b 3 ͒ (Ref. 1) , and they are stated as follows:
1. The birefringence is assumed to comprise two terms; one is constant and deterministic and the other is a white-noise process that describes the random perturbations 3 ; 2. It is assumed that the modulus of the birefringence is fixed, whereas its orientation varies according to a Wiener process 4 ; 3. The birefringence vector varies both in modulus and in orientation. The f irst two components of the local birefringence vector are assumed to be Gaussian random processes, statistically independent of each other, with zero mean and the same standard deviation. 4 In model 1 it is b 3 , , b. Hence b 3 is a negligible term, whereas for models 2 and 3 it is assumed that the f iber is not affected by circular birefringence ͑b 3 0͒.
At least in principle, all these models may be valid, because none of them has been experimentally verified. This lack of knowledge is one of the reasons why we are developing techniques to characterize the fiber local birefringence. The solution that we adopted is based on optical time-domain ref lectometry, which was proposed by Rogers in 1981 for measurements of fiber birefringence. 5 In recent papers 6, 7 it was shown theoretically and experimentally how the average birefringence (i.e., the mean beat length) can be measured. In this Letter we describe a new technique that provides a complete statistical characterization of the f iber's local birefringence. For the first time to our knowledge, we experimentally prove the validity of the third model, at least for the f ibers tested.
As is well known, the evolution (as a function of distance) of the state of polarization (SOP) of the backscattered field can be described by the following equation 8 :
whereŝ B ͑z͒ is the Stokes unit vector that represents the SOP of the f ield backscattered at point z. The quantity b B ͑z͒ is the round-trip birefringence vector, and it is related to the fiber properties by means of this expression 8 :
Here, b L ͑b 1 , b 2 , 0͒ is the linear component of the local birefringence vector, R͑z͒ is the Müller matrix that represents the f iber, M diag͑1, 1, 21͒ is a diagonal matrix, and the superscript T indicates the transposition.
It is important to note that Eq. (1) is formally the same equation that describes the evolution of the forward-propagating f ield's SOP as a function of the optical frequency v. Because of this dualism, the techniques developed to measure the polarization dispersion vector V͑v͒ can be applied to measure b B ͑z͒ as well; it is sufficient merely to substitute z for v in the related formulas. In particular, in this Letter we always refer to the Müller matrix method (MMM) described in Ref. 9 . It achieves good accuracy and it is simpler than the Jones matrix eigenanalysis technique, which requires complete knowledge of the input SOP. 10 In the MMM, to measure b B ͑z͒ we should f irst measureŝ B ͑z͒ for two different input SOP's. Then the matrix R B ͑z͒ that represents the round trip can be determined, and hence R D ͑z͒ R B ͑z 1 Dz͒R B T ͑z͒ can be calculated (where Dz is the sampling step). Finally, b B ͑z͒ can be found by means of the following equations rearranged from Ref. 9: where b B andb B are the modulus and the direction of b B , respectively.
The SOP of the backscattered field,ŝ B ͑z͒, was measured with the experimental setup shown in Fig. 1 . It is the same setup described in Ref. 7 but with a polarization controller for the input SOP added. Measurements were performed at a f ixed wavelength of 1532 nm; the pulse width and the sampling step were, respectively, 5 ns and Dz 0.6 m.
As a first result, Fig. 2 shows the probability-density function (PDF) of the modulus of b B ͑z͒, measured on a standard 17-km-long step-index (SI) fiber. The histogram represents the experimental data; the curve is the best theoretical fit obtained with a Rayleigh PDF:
where a [ ͓0, 1`͓, and ͗b B ͘ is the mean value of b B jb B j. It is evident that the Rayleigh distribution f its the experimental data well. According to Eq. (2), we can state that the modulus of b B ͑z͒ is twice the modulus of b L ͑z͒; i.e., b B ͑z͒ 2b L ͑z͒. This means that b L and b B have the same PDF; hence b L is Rayleigh distributed. This experimental result is in perfect agreement with the theoretical result given by (and only by) the third model of fiber birefringence. In fact, because that model assumes that the two components of b͑z͒ are Gaussian distributed and statistically independent, it follows that b͑z͒ is just a Rayleigh random variable, 6 as was experimentally verified. However, it should be noted that this experimental result does not exclude the presence of circular birefringence. Yet a Rayleigh distribution for b B is consistent with model 3 only.
From the data shown in Fig. 2 we also get ͗b B ͘ 0.44 m 21 ; hence the f iber average beat length is L B 2p͗͞b͘ 28.5 m.
Another proof of the validity of the third model is given by the result shown in Fig. 3 , where the PDF of the first component of b B ͑z͒, i.e., b B1 ͑z͒, is analyzed. Again, the histogram refers to the experimental data collected on the same fiber as before. The curve is the best f it obtained with the following PDF:
where a [ ‫.ޒ‬ Equation (6) In Fig. 4 the PDF of b B measured on a 9.5-km-long dispersion-shifted (DS) f iber is shown. Again, the theoretical Rayleigh PDF fits the experimental data well (͗b B ͘ 0.98 m 21 ; hence L B 12.8 m). Two f inal comments should be added regarding the measurement technique that we have described. First, as was already pointed out in Ref. 7 , when we use the setup shown in Fig. 1 we actually measure not s B ͑z͒ but ratherŝ m ͑z͒ R 23ŝB ͑z͒, where R 23 is the unknown transfer matrix of the optical path between points 2 and 3 ( Fig. 1) . Consequently, by applying the MMM we obtain the vector b m ͑z͒ R 23 b B ͑z͒. However, R 23 is a rotation matrix; hence it does not affect the modulus of the vectors, and it results that jb m ͑z͒j jb B ͑z͒j. Moreover, we have seen that b B ͑z͒ assumes every direction with the same probability, so a f ixed rotation, as R 23 is, does not change the statistical properties of its components. The second comment regards the reliability of the MMM. Following Ref. 9 , we can state that the results of the MMM are wrong when b B Dz . p, because in this case we cannot correctly solve Eq. (3). The probability, P , that this event will occur can easily be estimated from Eq. (5) and is given by
For example, with L B 10 m and Dz 0.6 m, we have P Ӎ 10 26 , which guarantees the reliability of the MMM results.
Finally, Fig. 5 shows a comparison of the values of L B measured with the MMM and of those measured with the level crossing rate (LCR) analysis described in Ref. 7 . Each triangle refers to a SI f iber, whereas each f illed circle refers to a DS fiber; all the f ibers were wound on a drum. It can be seen that the results given by the two techniques are in good agreement, and a maximum relative difference of 10% is found.
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